Abstract-An automatic testing system to perform repetitive short-circuit tests on megawatt-scale IGBT power modules is presented and described in this paper, pointing out the advantages and features of such testing approach. The developed system is based on a non-destructive short-circuit tester, which has been integrated with an advanced software tool and a semiconductor device analyzer to perform stress monitoring on the considered device under test (DUT). A case-study is included in the paper concerning a 1.7 kV/ 1 kA IGBT module, which has been tested safely up to 30,000 repetitions with no significant damage. The developed system has been demonstrated to be very helpful in performing a large number of repetition tests as required by modern testing protocols for robustness and reliability assessment. The software algorithm and a demonstration video are available for download.
I. INTRODUCTION
Power semiconductor devices (e.g. IGBTs -Insulated Gate Bipolar Transistor, and power MOSFETS -Metal-Oxide Semiconductor Field-Effect Transistor) are considered as one of the most reliability-critical components in power electronic systems [1] . The failure of IGBTs and MOSFETs in a power converter may lead to malfunction of the entire system, which may be caused by component wear-out or abnormal events [2] . The most severe case of abnormal operation is the short circuit as discussed in [3] . Reliability becomes an increasingly important performance factor in applications such as onshore and offshore wind turbines, medium-voltage drives, and tractions, where medium-to-high power modules are adopted [4] - [6] . Therefore, the short-circuit capability, behaviour and its impact on the degradation of these power modules are important aspects to be investigated.
Many efforts have been devoted to the short-circuit testing of power semiconductor devices. The minimum dissipated energy that leads to failure of the specific device after a single short-circuit is referred to the critical energy E C [7] . If the dissipated energy is less than E C , the device is able to survive after Repetitive Short-Circuit (RSC) testing. The aim of RSC testing is to study how safe short-circuit operation will affect the electro-thermal parameters and the degradation of power semiconductors, or to benchmark the short-circuit robustness of different devices. Various research activities on RSC testing of Si IGBTs and MOSFETs, and SiC MOSFETs have been presented in [7] - [15] . In [8] , the RSC testing of a 600 V customized IGBT module is performed, with a measured saturation current of around 50-60 A. The power module failed after 10,000 times of short-circuit operation. The on-state voltage of the IGBT module is found to be increasing and its short circuit saturation current is reducing along with the testing times. The results in [9] from 600 V single-chip discrete IGBTs reveal negligible change of the above two electrical parameters. In contrasts, the study on a 600 V/ 20 A Si MOSFET shows that the device short-circuit current is significantly decreased and on-state resistance is increased after 17,000 times of short-circuit testing under 84% of its E C . In [12] , the tested Si MOSFET is observed with no evolution of the above two parameters after 35,000 times of testing, with a relatively lower dissipated energy. In [7] , [10] , [11] , the testing focuses on the discrete 1.2 kV SiC MOSFETs, with the current rating in the range of 20 A to 50 A. In [13] , [14] , RSC testing is performed for discrete 1.2 kV single-chip normally-on SiC JFET. It can be noted that the existing RSC testing falls in the following limitations:
1) The DUTs are mainly low power modules or discrete devices, suitable for low-to-medium power applications. A testing setup that has the capability of RSC testing for medium-to-high power Si and SiC modules is highly demanded.
2) The results of the RSCs discussed above are not in well consistency between MOSFETs, between IGBTs and MOSFETs, or between power modules and discrete devices. The discrepancies could be due to the testing protocols, the materials, the chip technologies, and also the packaging technologies. It is still an open question to be investigated, especially for medium-to-high power modules.
3) The Devices Under Test (DUTs) are limited to brandnew devices before the RSC testing. Power semiconductors in field service experience both normal operation and abnormal operation. The degradation due to normal operation may affect the short circuit capability (e.g., reduce the critical energy E C ), and vice versa. Extensive research have been done in power cycling testing of IGBT modules to emulate the normal operation at an accelerated level [16] - [19] . The combination of power cycling testing and RSC testing will enable a more realistic testing close to real field operation. 4) Detailed discussion on the implementation of the RSCs in [7] - [15] are not given, especially the testing procedures, automation of the testing, and safety issues, which need to be considered [20] . In this paper, a new RSC testing setup for Si and SiC power modules is proposed. The developed setup is based on a NonDestructive Testing (NDT) method described in [21] for high power modules. It has the following features: 1) Capable of RSC testing of power Si and SiC modules up to 6 kA short-circuit saturation current with different testing fixtures to adapt various packages. 2) Capable of heating plate temperature control from -40
• C to 250
• C, where the testing devices are mounted on. 3) Highly automated testing and electro-thermal parameter characterizations, and safety protection with remote control. The purpose of this paper is to present the automatic hardware and software description of the RSC testing setup. It provides the basis for the future research activities on the systematic RSC testing of Si and SiC modules and the integrated testing with power cycling and RSC. It will be organized as follows: Section II reveals the developed approach for repetitive short circuit testing. Section III gives the details of the hardware and software implementations. Section IV presents a case study on RSC testing of a 1.7 kV/ 1 kA Si IGBT module to demonstrate the testing setup capability, followed by the conclusions.
II. PROPOSED APPROACH FOR REPETITIVE SHORT CIRCUIT TEST
The proposed automatic RSC testing approach is shown in Fig.1 . It includes three major steps. A Graphic User Interface (GUI) is developed for setting up the experiment parameters and the operating limits for approaching the repetitive experiment in an automatic way. A NDT is applied to perform safe short circuit tests. The device characterization is performed thanks to a semiconductor device analyzer, Keysight B1506A, which can automatically create the power device datasheet for a wide operation range. The detailed description is provided in the following together with the hardware and the software implementations. discussed in the next section.
III. HADRWARE AND SOFTWARE IMPLEMENTATIONS

A. Handware implementation
The Non-Destructive Tester (NDT) has been presented previously in [22] whose main features are summarized in the following paragraph. Referring to Fig. 2 , the tester structure includes the following parts: a high-voltage power supply V DC which charges up a capacitor bank C DC , whose energy is used to perform the tests; a series protection switches off, breaking the circuit right after the tests in order to prevent explosions of the DUT in the case of failure and thus allowing post-failure analysis; a computer-designed busbar minimizing the overall circuit inductance; a parallel protection turning on at the same time the series protection turns off in order to prevent dangerous voltage overshoots on the DUT, which typically occurs during fast turnoffs at extreme conditions; a 100 MHz Field-Programmable Gate Array (FPGA) providing the driving signals for the DUT and the protection switches, together with the trigger used for measurements. The repetitive operations and relative data acquisition are achieved by a Personal Computer (PC) running MATLAB R [23] , which supervises operations, connected to a LeCroy HDO6104-MS oscilloscope via an Ethernet link and to the FPGA board through an instrumentation bus. A commercial IGBT driver is used for the DUT, whose desaturation protection has been inhibited in order to perform short-circuit tests. During tests, the collector current, collector voltage and gate voltage waveforms are acquired. Fig. 3 shows the details of the experimental setup, where the DUT is placed in the test position. The operation sequence adopted for the tests is shown in Fig.  4 , where the signals sent from by the FPGA to the DUT are reported. Every time interval defined in Fig. 4 can be set by the MATLAB R software running on the PC. The main components' specifications of the NDT setup have been summarized in Table I .
The waveforms of a typical short-circuit test can be observed in negative and positive peaks related to the current variation through the circuit stray inductance. The collector current peak is 4 kA and then decreases according to the junction temperature increase, which is a well-known phenomenon related to the positive thermal coefficient of IGBTs. Finally, it is worth to note that the gate voltage waveform does not exhibit any Miller plateau as, contrarily to normal-conditions turn-on, no significant voltage fall occurs in the short-circuit tests.
B. Software Implementation
In order to perform repetitive short circuit tests on the analyzed device, an original automated tool having a userfriendly Graphical User Interface (GUI) has been developed and implemented in MATLAB R (see Fig. 6 ). Such an interface provides the possibility to perform repetitive tests with a set of parameters defined by the user, i.e. the time parameters Fig. 4 , as well as the total number of tests to be performed and the time interval among them. Last but not least, the developed GUI provides a list of limits (pass conditions) to be verified to proceed automatically for the next test. After setting up the test parameters, the user sets the high voltage power supply to the operating voltage and starts the repetitive test sequence (START button in Fig. 6 ). Tests are performed completely equal to each other, according with the time sequence set by the user. The GUI communicates to the FPGA the exact time sequence at the beginning of every test through the instrumentation bus. A data check protocol has been implemented in order to avoid communication errors that would eventually lead to a fatal test. To make the user aware of the last parameters sent to the FPGA, a local echo is included on the left-hand side of the GUI. At the end of every test, the waveforms sampled by the oscilloscope are acquired through Active-X functions, in order to fully exploit the instrument capabilities. The acquired waveforms are stored including test index and time-stamp. Fig. 7 shows a typical user screen during the tests. It is worth to note that the type of experiment necessarily requires a pass/fail evaluation after each test. To do that, the experimental waveforms acquired by means of the oscilloscope are stored and analyzed at the end of every test; then the pass/fail condition is evaluated basing on predefined limits set by the user at the beginning of the experiment. The violation of the limits results in an immediate stop of the experiment. An email is sent for reporting the issue with the type of violation occurred. The limits are specified in terms of V CE , I C and V GE . For these three quantities, a lower and an upper limit can be specified by the user, as can be seen in Fig. 6 . The complete flow chart of the experiment is depicted in Fig. 8 .
IV. CASE STUDY: 1.7 KV/ 1 KA IGBT POWER MODULE A commercial 1.7 kV/ 1 kA IGBT power module is discussed in this section to demonstrate the proposed repetitive short circuit capability. The main applications of this IGBT module are typically wind turbine systems, trains, motor drives and other high power converters. The main specifications based on the datasheet information are summarized in Table  II . The outline picture of the IGBT power module is shown in Fig. 9a . There are two power terminals for the DC positive connections (upper IGBT collectors), two power terminals for the DC negative connections (lower IGBT emitters) and one terminal with two screw connections for the output phase. There are two IGBT gate connection terminals for the paralleled upper IGBTs and lower IGBTs. Six sections are connected in parallel to reach the rated 1 kA current capability, which has been pointed out in Fig. 9 (b) . Each section contains two IGBTs and two free-wheeling diodes, which are configured as a half-bridge.
A. Set Experiment Parameters and Operating Limits
The functionality of the repetitive short circuit algorithm can easily be tested by means of the GUI where the set of parameters are defined by the user. The parameter settings related with the repetitive pattern, such as the total number of tests to be performed and the time interval among them, have been selected as 30,000 repetitions and with 30 seconds interval time. The parameters related with the FPGA supervising unit have been chosen with reference to the type of short circuit test, that is, a 10 μs short circuit type 1 [24] . Therefore, referring to Fig. 4 , t prot = 10 μs, t DU T = 10 μs, t series = 10.5 μs, t par =0, t ON = 10 μs and t fire =0, as shown in Fig. 6 . There are two more parameters in this GUI, i.e., t L and t Q , which they are set to 0 because they are only used when performing double pulse tests with a different circuit configuration. Moreover, the list of operating limits (pass conditions) are defined with reference to the short circuit waveform of the device, as shown in After setting up the experiment parameters and operating limits, the repetitive short circuit sequence is ready to be started. The 1.7 kV/ 1 kA IGBT power module was tested during 30,000 equal repetitions and 10 μs short circuit time. During the test, the DC-link voltage, V DC , was kept at 700 V while the case temperature was at room temperature - 
C. Device Characterization
During the repetitive short circuit sequence, some electrical parameters may be shifted from their initial value due to the ageing of the device. These parameters are often named ageing indicators and used to predict the amount of the device degradation. Since the purpose of this work is to experimentally validate the versatility of the repetitive short circuit algorithm, the 1.7 kV/ 1 kA IGBT power module was regularly characterized (i.e., each 10,000 repetitions) by means of an Agilent B1506A power device analyzer [25] . The B1506A power device analyzer/curve tracer operates over a wide range up to 3 kV/ 1.5 kA, enabling the device characterization of medium-to-high power modules in an automated way. Fig. 11 reveals the trend of the static electrical characteristics, that is, the I C − V CE , the V CE,sat and the V GE,th curves during repetitive short circuit testing. Additionally, Fig 11 shows the trend of the dynamic electrical characteristics, that is, the C ies , C oes and C res curves. The results evidence that the 1.7 kV/ 1 kA IGBT module is quite robust against repetitive short circuit testing with very little change on its electrical characteristics.
V. CONCLUSION
This paper describes the implementation of a medium-tohigh power Repetitive Short Circuit (RSC) test setup. The automated testing procedures and safety protection with remote control are provided as a guideline for a more standardized future research activities. A study case on a 1.7 kV/ 1 kA IGBT power module has been presented to evaluate the capability of the RSC setup. The device has been tested with a short circuit dissipated energy less than E C , in order to do RSC testing. No significant change has been observed in the electrothermal parameters after 30,000 short circuits, evidencing a very high robustness against repetitive short circuit testing. Thanks to this automatic software, which consists of a GUI for setting up the design parameters, a non-destructive test setup and a device characterization instrument, the following future activities can be done: a) evaluate the degradation of Si and SiC power modules up to 6 kA to benchmark their short circuit robustness, b) integration of power cycling tests and repetitive short circuit tests for a more realistic testing closer to the field operation, and c) evaluate the degradation during short circuit for a wide range of temperatures (i.e., -40 to 250
• C). The developed software algorithm and a demonstration video are available for download in the following link: http://www.corpe.et.aau.dk/research/ndt/rsc.
